The present research aims to explore, by large-eddy simulation (LES), the potentiality and mechanism of multiple surface dielectric barrier discharge (multi-SDBD) plasma actuators to manipulate mean and fluctuating wind loads on a low-rise building. Three actuator configurations are located on the roof to induce directional wall jets in different directions. The effects of these configurations on flow structure and wind loads are studied in absence and presence of approaching flow. Results show that all subgrid-scale models can obtain accurate roof pressure, and for the diffusion and convection terms, the bounded central differencing scheme can provide more accurate predictions for the roof pressure. The control impact of active actuators gradually weakens with the increase of the approaching flow velocity. The direction of the wall jet can determine the position of the limited roof region with the reduced mean pressure coefficient. The multi-SDBD actuators continue to absorb the upstream flow and blow this flow downstream, meaning the wall jet exerts strong pressure on the local roof area at the end of the jet, which results in a significant reduction of the mean pressure coefficient. Furthermore, the counter-rotating vortices caused by the wall jet restrain the size and strength of the vortex shedding, thereby achieving the purpose of reducing the fluctuating pressure coefficient. Further analysis of the instantaneous vorticity fields indicates that the intensity and size of streamwise shedding vortices can be restrained by small-scale spanwise vortices induced by the plasma actuators. Under the action of the wall jet blowing from the trailing edge to the leading edge, the fluctuating lift and drag coefficients can be reduced by over 15% and the fluctuating pressure coefficient can be reduced by about 20% from the no actuation situation.
Introduction
Typhoons are some of the major natural disasters faced by human beings, which have brought great financial losses and casualties. Wind damage and destruction frequently occur as a large number of low-rise buildings are located along the coastal areas of southeast China. The post-disaster statistics show that typical failures observed are mainly concentrated on the roof structure, such as the roof ridges, corners, or windward eaves. In a powerful typhoon, the roof is generally subjected to tremendous wind pressures. When the wind pressures exceed the bearing capacity of the roof, the roof can be 2 of 24 overturned, causing the failure of gable walls and even complete collapse of the building. Hence, it is necessary to adopt effective strategies to reduce wind pressures on the surface of the roof.
Many passive and active flow control technologies have been implemented to improve the aerodynamic characteristics of different obstacles. As for buildings, typical passive control strategies have included local shape modifications and additional ancillary structures. The experimental results of Yuan et al. [1] showed that facade appurtenances equipped on the four side faces of high-rise buildings could greatly restrain the variation range of negative peak pressure, and the largest value of this pressure could be reduced by about 42% on the higher leading corner. Bitsuamlak et al. [2] showed that high wind-induced suctions on the building envelope could be reduced by over 25% after simple architectural elements, such as trellises and ribs, were installed on a low-rise building. Aly et al. [3] found that the large chamfers for roof edges can reduce the drag force of low-rise buildings by nearly 20%, and a 28% uplift reduction was achieved by replacing sharp roof edges with airfoil edges. Li et al. [4] pointed out that roof spoilers close to the gable wall had a noticeable reduction effect on wind pressures on the roofs of low-rise, gable-roof buildings, and mean wind pressure can be reduced by 95% on the local roof area. However, these passive methods had a limited operating range. The control effects of these methods were often not optimal and even had an adverse impact on system performance, as they did not operate within the original design conditions.
In recent years, various active control strategies have been gradually applied to decrease wind loads of different structures. For example, Zhang et al. [5] proposed using steady suction control to reduce the across-wind loading on a high-rise building and found that this control method disturbed the motion or development of large-scale leading edge vortices. Wang et al. [6] used two small affiliated rotating cylinders to reduce the drag of a circular cylinder by suppressing the vortex shedding. Qu et al. [7] found that a slot synthetic jet located at the rear surface of a square cylinder was used to achieve a drag reduction and shorten the wake vortex formation length. However, these active strategies require complex moving parts or mechanical configuration.
The dielectric barrier discharge (DBD) plasma actuators can be divided into volume discharge actuators and surface discharge actuators. If the electrodes are located on both sides of a dielectric barrier layer, the plasma actuators are called surface DBD (SDBD) actuators; otherwise, they are volume DBD actuators. Since the volume DBD actuators are not suitable for flow control [8] , the multi-SDBD plasma actuators are employed in the present study to explore plasma-based flow-control strategies. The main features of the actuators over other active control methods are their small size, light weight, quick response times, and easy installation because of the absence of moving parts. A single-SDBD plasma actuator is a very simple device consisting of asymmetric upper and lower electrodes separated by a dielectric plate. A power supply is applied on two electrodes to produce low-temperature plasma at the actuator surface. Under the action of the strong electric field, the plasma collides with surrounding neutral molecules and transfers its momentum to the ambient fluid, thereby a body force is created above the dielectric. The body force can induce a wall jet in quiescent air, and in an existing flow the body force is employed to get a beneficial modification of the mean velocity profile of the near-wall flow [9] . Dong et al. [10] proposed that the drag reduction of a scaled train model can be obtained by using a SDBD plasma actuator to suppress the flow separation. They also found that the surface temperature of the dielectric and the induced flow velocity were increased as the applied voltage increased. The increased surface temperature may not affect the flow field around the train model. Kopiev et al. [11] pointed out that two SDBD plasma actuators can reduce the vortex noise of a cylinder by 10 dB with the reduction of wake width and turbulent level. According to the experimental research of plasma flow control for a delta wing, Sidorenko et al. [12] believed that continuous plasma actuation with the airflow direction can delay the vortex breakdown to improve the wing lift. These studies show that the actuators have broad application prospects in flow control.
At present, there are two types of mathematical models for plasma actuators: the first-principles model and the phenomenological model. The first-principles model appears to describe the charging process of the plasma and capture the basic physical quantities necessary to accurately estimate body force distributions [13] . However, this model involves complex chemical equations and difficult solution processes for Navier-Stokes equations, resulting in long computational time and massive storage consumption. These factors hinder the usability of this model.
In contrast, since the phenomenological model is relatively easy to implement and has less computational costs, it is more suitable for application in research studies. The phenomenological model proposed by Shyy et al. [14] was successfully applied to the simulations of plasma-controlled flows around different obstacles. Rizzetta et al. [15] used this model to mitigate unsteady vortex shedding and flow separation around a circular cylinder, and the results showed that the mean drag was reduced by over 50% and the oscillatory lift was virtually eliminated. Zhang et al. [16] studied the flow field around a gurney flap with this model placed in the front part of the flap to produce a counter-current wall jet. They found a 15% drag reduction. Rizzetta et al. [17] also utilized this model to improve the aerodynamic performance of a flat-plate wing and discovered that the outboard wall jet can increase both the lift and the rolling moment by over 30%. Zhang et al. [18] employed this model to achieve plasma circulation control for an elliptic airfoil and pointed out that the plasma control efficiency for lift augmentation was superior to the conventional jet control method. These examples show that this model has become a prevalent approach for the simulation of plasma actuators. Therefore, the model is adopted in the current research. However, the application of the plasma actuators in manipulating fluctuating wind load needs to be further studied based on the model. Also, the mechanism of plasma actuators to reduce fluctuating wind load on the surface of objects is still unclear. Thus, it is urgent to strengthen this research.
The current study can be considered as a continuation of the authors' previous work [19] on plasma actuators. The previous work experimentally and numerically demonstrated the variation of mean pressure and peak negative pressure on the roof centerline under the action of plasma actuators, but did not investigate the effect of the actuators on fluctuating pressure. Compared with the previous work, the innovation of this study is the exploration of the influence and control mechanisms of plasma actuators on fluctuating wind load, such as fluctuating pressure. Moreover, based on the temporal evolution of the instantaneous vorticity field, this study reveals how SDBD actuation interacts with the shedding vortices. The next section introduces the modeling and numerical methods. The grid independence study and the validation of the numerical model are performed in the following section. In the fourth section, the results and discussions in absence and presence of approaching flow are presented regarding the change of mean and fluctuating wind loads, as well as for the flow field under the influence of three actuator arrangements. The final section presents a summary and conclusion.
Modeling and Numerical Methods

Conservation Equations
The unsteady three-dimensional Navier-Stokes equations [20] are adopted for the flow field simulation, and the right-hand side of the equations is augmented by a source term representing the body force of plasma actuators. For the incompressible flow, the mass and momentum conservation equations are written as:
where u i , x i , ρ, t, µ, p, and τ ij correspond to the velocity vector, position vector, density, time, molecular viscosity coefficient, pressure, and stress tensor. Additionally, F i is the body force component per unit volume in N/m 3 and will be described in detail in the following section.
Numerical Model for Body Force Generation
The plasma active region of the phenomenological model [14] with a local Cartesian coordinate system is illustrated in Figure 1 . The wedge region AOBB'A'O' composed of points A, O, B, B', A' and O' in the figure is depicted by the dashed line. A high-frequency voltage is applied on the upper and lower electrodes of the plasma actuator to ionize the air and generate the plasma. The plasma is assumed by the phenomenological model to exist only in the wedge region with width b and height a; namely, the wedge region is the plasma active region after the actuator is ignited. Under the influence of the electric field, the plasma can collide with surrounding neutral molecules to cause directional movement of the surrounding fluid. Therefore, the phenomenological model recognizes that the plasma actuators can apply the body force to the surrounding fluid. The phenomenological model assumes that the body force exists only in the wedge region, and the body force is parallel to the plane ABB'A' (the inclined surface of the wedge region AOBB'A'O') and points to the lower right. The body force F is obtained by
where ω, α, ρ c , e c , and ∆t represent the voltage frequency, collision factor, charge density, electronic charge, and charge time, respectively. The linear distribution of the electric field strength E is defined
and E b represent the maximum electric field strength at the boundary OO', peak voltage, horizontal distance, and minimum electric field strength at the boundary ABB'A', respectively. Here, k 1 and k 2 are the intermediate variables for the linearization. According to the research [19] , the values of the parameters are chosen as follows: b = 8 mm, a = 4 mm, ω = 6.5 kHz, U o = 7.5 kV, α = 0.35, ρ c = 10 11 cm −3 , ∆t = 6.7 µs, d = 0.15 cm, E b = 30 kV/cm. The detailed methods for determining these parameters can be found in the literature [14] . Aiming to scale the actuation strength, a normalized scaling parameter D c is defined by Rizzetta et al. [15, 17] to show the ratio of body force to inertial force. This can be written as
where ρ is the fluid density, L is the reference length, and U ∞ is the free stream velocity. In the present simulation, the scaling parameter is set as 0.6.
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Reference Model and Computational Method
The 1:40 geometrical scale model of the flat-roof low-rise building [19] is employed as the reference model with height h of 200.0 mm, as shown in Figure 2a . The building model has a rectangular cross-section with a length l of 0.8875 h and a width w of 0.59 h. Figure 2b shows the cross-sectional scheme of three actuator configurations at the roof centerline, which are named cases A, B, and C. The wall-jet direction for each case is also shown in this figure. Each copper electrode has a length of 0.85 h, a width of 0.02 h, and a thickness of 0.0005 h. Since Shieh [21] pointed out that the effect of electrodes on the flow structure can be ignored, the present simulation does not consider this effect. The resulting blockage ratio is 2.77%, which does not exceed the 3% threshold value [22] . Since the size is very long in the x-axis direction, this domain is divided into 2 parts, named Zone-1 and Zone-2. In order to reduce the computation cost and capture the flow physics, the C-typed grid topology method is employed in Zone-1 to obtain hexagonal grids with a normalized minimal grid size of ∆z/h = 0.0003 (∆z = 0.00006 m) on the roof surface, as shown in Figure 3c ,d. This size is close to the suggested value of 0.00025 m from the large-eddy simulation (LES) of a cylinder with a plasma actuator [15] . The minimal grid size is raised by keeping a rate of 1.10 away from the building body surface. Zone-2 also adopts the structured grids, as shown in Figure 3b .
The boundary conditions of the computational domain are shown in Figure 3a . The detailed definition method of the velocity inlet boundary can be found in [23] . The building and ground surfaces are also set as the no-slip stationary wall. When the wind speeds U ∞ are 4, 7, and 10 m/s (i.e., Reynolds numbers Re are 5.3 × 10 4 , 9.3 × 10 4 , and 1.3 × 10 5 , respectively, based on the building height h), the dimensionless vertical profiles of the streamwise mean velocity and turbulence intensity at the inlet boundary from the present simulation are compared with the experimental data [19] , as shown in Figure 4 . In these figures, V z and I z are the mean velocity and turbulence intensity, respectively, at a specific height of z, and I 2h means the turbulence intensity at the double building height. These figures show that numerical results are congruent with experimental data. [24] studied the sensitivity of building wind pressures to different turbulence models and pointed out that the re-normalization group (RNG) k-epsilon model can obtain accurate results. This model with the non-equilibrium wall function is employed by the present study to obtain the initial flow field used for the transient simulation. For the unsteady simulations, the LES and detached eddy simulation (DES) turbulence models can provide more accurate predictions for the mean velocity fields around the building [23] . Combined with the sensitivity analysis of the subgrid-scale models described in the next section, the LES model with the Smagorinsky-Lilly subgrid-scale model is used for the transient simulation. The detailed description and equations of the LES model can be found in the study [23] . The body force and plasma active region are encoded into the conservation equations by the macro function DEFINE_SOURCE. The conservation equations are discretized by the finite volume method and the discretized equations are calculated using the SIMPLE-Consistent (SIMPLEC) algorithm, where SIMPLE is the semi-implicit method for pressure-linked equations. The spatial discretization has a second-order accuracy, and the bounded second order implicit Euler scheme is adopted for the time integration. According to the discretization-scheme sensitivity analysis described in the next section, the discretization schemes for the diffusion and convection terms are the bounded central differencing scheme. According to the numerical analysis [23] , the most economical non-dimensional time step of ∆t × U ∞ /h = 0.175 (∆t = 0.005 s) is adopted by the present study with 25 sub-iterations, where U ∞ is the wind speed of 7 m/s. The convergence criterion of all dependent variables is set as 10 −5 for the normalized residuals.
Verification and Validation
The drag and lift coefficients, C d and C l , are respectively defined as:
where F d and F l are wind loads acting on the whole building model along xand z-directions, respectively (the directions are presented in Figure 2 ; V h means the free stream velocity at the building height h).
The time history of a physical quantity can be expressed as a non-dimensional coefficient C XXX (t i ), where t i is the time instance and i indicates the sample sequence number (i = 1, 2,..., N). The mean and root-mean-square (RMS) values of this coefficient, C XXX,mean and C XXX,rms , are respectively calculated as follows:
where C XXX can be C d or C l . The mean and RMS pressure coefficients, C p,mean and C p,rms , can also be calculated by the normalized pressure coefficient C p (= (p(t) − p 0 )/0.5ρV h 2 ) on the building surface, where p(t) is the pressure of the given location at time t and p 0 is the reference static pressure of the free stream. The RMS pressure coefficient is also called the fluctuating pressure coefficient. To quantitatively describe the influence of plasma actuators on wind loads, the change rates of mean and fluctuating pressure coefficients, η p,mean and η p,rms , are considered as the following equations:
η p,rms = (C * p,rms − C p,rms )/C p,rms
where C p,mean and C * p,mean are the mean pressure coefficients without and with the plasma actuation, respectively; C p,rms and C * p,rms are the fluctuating pressure coefficient without and with the plasma actuation, respectively. If η p,mean < 0, it means that the absolute value of the mean pressure coefficient decreases after the actuators are ignited; otherwise, the absolute value of the mean pressure coefficient increases after the actuators are ignited. If η p,rms < 0, it means that the fluctuating pressure coefficient decreases with the plasma actuation; otherwise, the fluctuating pressure coefficient increases with the plasma actuation. The Strouhal number S t is defined as:
where f s means the vortex shedding frequency obtained from the spectral analysis for the time signal of the drag coefficient, and V h represents the free stream velocity at the building height h.
To check the mesh sensitivity, a comparative study is conducted by varying the grid numbers without the plasma actuation, and the detail information is shown in Table 1 . In this table, ∆z/h is the dimensionless first mesh size adjacent to the roof surface, ∆y/h is the dimensionless mesh size close to the building surface in the y-axis direction. It can be seen from the table that the deviations are very small among the results of these grids. Moreover, the mesh number of Grid-2 is close to the recommended value of 4.8 million from the flow simulation around a rectangular building [23] . Therefore, Grid-2 is adopted by the later study. Concerning Grid-2, the normalized wall distance y+ of the first near-wall meshes has a maximum of about 4 at the corners of the windward wall and is less than 1 (generally around 0.4) for the remaining building surfaces. The comparative studies are performed based on case A without the plasma actuation to investigate the sensitivity of the roof pressure to subgrid-scale models and discretization schemes. Figure 5a compares the mean pressure coefficients along the roof centerline, as obtained with four subgrid-scale models. The experimental data are from the literature [19] , and these subgrid-scale models include the Smagorinsky-Lilly (SL) model, kinetic energy transport (KET) model, wall-adapting local eddy-viscosity (WALE) model, and wall-modeled LES (WMLES) model. The differences among the computational results of the four subgrid-scale models are small, and the computational results are in good agreement with the experimental data. This indicates that all subgrid-scale models can obtain accurate roof pressures. Figure 5b compares the mean pressure coefficients along the roof centerline, as obtained by the application of five discretization schemes to the diffusion and convection terms. The bounded central differencing scheme exhibits the highest level of performance among all discretization schemes, since the result obtained with the bounded central differencing scheme is the closest to the experimental data from the literature [19] . To validate the numerical method, the mean pressure coefficient change rates from the present simulation under varying wind speeds are compared with the experimental results [19] . The mean pressure coefficient change rate η p,mean along the roof centerline for all cases is shown in Figure 6 . When the wind speed is small, there is an obvious difference between the experimental data and the simulation results at some data points. The reason for this difference may be that the heating effect and chemical reaction of the active actuators are not considered in the present simulation. In summary, the numerical results agree with the experimental data, indicating that the numerical method adopted by this paper is reasonable and reliable. The wind speed of 7 m/s is selected as the object of subsequent researches. It can also be noted that the control effect of the plasma actuators continues to decrease as the wind speed increases. 
Results and Discussion
Plasma Actuators in Quiescent Air
To investigate the plasma influence in quiescent air, velocity magnitude and velocity component contours for all cases on the roof centerline are shown in Figures 7 and 8 . In these figures and the subsequent similar figures, the upper and lower electrodes are illustrated by black rectangular regions, and the height of these regions is ten-times larger than the used electrode thickness to show the position of the actuators clearly. When the actuators are active, case A produces an induced near-wall jet with the direction from the trailing edge towards the leading edge, and the flow has a final velocity of approximately 2 m/s around the leading edge. An induced near-wall jet with the direction from the middle of the roof to leading and trailing edges is induced by case B, and the flow velocity reaches a maximum of around 1.8 m/s close to the leading and trailing edges. Moreover, case C generates an induced near-wall jet with the direction from leading and trailing edges to the middle of the roof, and the maximum velocity is about 1.8 m/s near the middle of the roof. Since the wall jet has opposite flow directions in the middle of the roof, a vertical synthetic jet appears above this region. The similar experimental result for the synthetic jet phenomenon was described by Santhanakrishnan et al. [25] . The reason for increasing the jet velocity is that the flow moving along the induced wall-jet direction is accelerated every time it passes over the next actuator, and builds up to reach to the maximum velocity at the end of the jet. As can be seen from Figure 8a ,c,e, the x-velocity of the induced jet for each case is larger than the z-velocity, indicating that the wall jet is dominated in the wall-parallel direction. This is consistent with a similar numerical study on the wind turbine blade by Ebrahimi et al. [26] . According to Figure 8b ,d,f, a negative z-velocity exists above every single-SDBD actuator, and a positive z-velocity appears downstream of the jet induced by each actuator. This shows that each plasma actuator exerts a suction force on the flow above itself and blows the flow downstream, thereby generating a pressure force on the downstream flow. The pressure contours of all cases shown in Figure 9 prove this. In this figure, the range and amplitude of negative pressure regions reduce continuously along the wall-jet direction, while the range and amplitude of positive pressure regions increase rapidly. This implies that in terms of the influence of the multi-SDBD plasma actuators, the suction effect quickly decreases along the induced jet direction, and at the same time the pressure effect increases dramatically. 
Flow Control of Plasma Actuators in Flowing Air
During the simulation, the building model has an unsteady wind load in the initial three seconds, and for comparison of the control effects of different plasma actuator arrangements, the stable stage (subsequent fifteen seconds) is used for analysis. The quantitative data of mean and fluctuating wind loads under all cases are given in Table 2 for comparative analysis. Compared with the no actuation situation, all cases have no effect on the mean drag coefficient, and case A has the smallest mean C l value (an about 5% reduction). This indicates that the control effect is closely related to the configuration and position of the active plasma actuators. Since the actuators are only placed on the roof, they mainly affect the wind load on the roof (i.e., the z-direction wind load) and there is no change in the mean drag coefficient. For the vortex-induced vibration, the RMS value of the wind load (i.e., the fluctuating wind load) is much more concerning than the mean value due to the better reflection of the structural vibration characteristic. Among all cases, case A has the lowest fluctuating C d (a 15.79% reduction) and the lowest fluctuating C l (a 15.45% reduction). Such results mean that case A is the best configuration of multi-SDBD plasma actuators for reducing fluctuating wind load. Moreover, cases B and C also show good control of the fluctuating C d and C l with decrements of over 6.30%. This shows that the vibration amplitude of the roof along the x-direction and z-direction can be significantly reduced by all cases. Compared with the no actuation situation, the Strouhal numbers of cases A and B are decreased, implying the delay of the vortex shedding period, and the Strouhal number is increased for case C. This indicates that the active actuators can affect the vortex shedding frequency. Figure 10 shows the time histories of the drag coefficients acting on the building model from the simulation results of different cases. It can be seen that the drag coefficient of the no actuation situation is highly unsteady, with its amplitude fluctuating randomly and significantly as a function of the time. The drag coefficient fluctuation amplitudes of all cases are obviously reduced in comparison to the no actuation situation. This indicates that the active actuators can reduce the instability of the drag coefficient. Figure 11 illustrates the power spectral density (PSD) of the fluctuating drag coefficient acting on the building model from the simulation results of different cases. In this figure, f is the frequency. For a blunt body, such as a low-rise building, the vortex shedding seems to be the primary source of the fluctuating pressure of the building surface [27] . Large-scale vortex shedding often means the strong fluctuating wind load. When the reduction frequency is around 0.196, the PSD peaks of all cases are much lower than the no actuation situation, suggesting a sharp weakening of the strength of the shedding vortex led by the flow separation. Besides, the PSD of all cases at the reduction frequencies of 0.32, 0.36, 0.41, and 0.46 is significantly increased in comparison to the no actuation situation, implying that the active actuators can induce the small-scale vortex with high frequency. The contours of the mean pressure coefficient and its change rate on the whole roof from the simulation results are shown in Figure 12 . When the actuators are inactive, C p,mean on the entire roof is a negative value and the absolute value increases along the flow direction. This is because the incoming flow separates from the building model at the blunt leading edge and a large recirculation region is formed on the roof, while the incoming flow stays attached to the windward surface of the building model. Then, the shear layer entrains the air flow of the recirculation zone to move downstream while the pressure-driven backflow must balance the air mass loss produced by the shear layer entrainment. The process leads to a strong negative pressure gradient on the roof. In addition, according to the experimental research [28] , the approaching flow of the present research can be approximated as a uniform flow.
After the actuators are ignited, the negative C p,mean still appears on the whole roof surface and it is observed that the distribution of C p,mean changes significantly for all cases, indicating that the negative pressure gradient effect caused by the flow separation still dominates and the wall jet has a significant impact on this negative pressure gradient. It can be seen from Figure 12c that the η p,mean of the whole roof is negative and it is the smallest (about −20%) in the vicinity of the entire leading edge, suggesting that case A with actuation sharply reduces the |C p,mean | near the entire leading edge. Figure 12e shows that the η p,mean has the lowest value (about −5%) around leading edges and in the middle of the trailing edge, implying that case B in presence of actuation obviously reduces the |C p,mean | around entire leading edges and in the middle of the trailing edge. According to Figure 12g , the η p,mean has the smallest value (approach to −7%) in the middle of the roof, showing that case C with excitation significantly reduces the |C p,mean | in the entire middle part of the roof. By checking the changes described above, it is found that local roof regions with the negative and minimal η p,mean are precisely placed at the end of the wall jet for each case. Similar to the effects of an active single-SDBD plasma actuator in the quiescent air, the actuator with the incoming flow still absorbs the near-wall flow upstream of the induced jet and blows the flow downstream, leading to a pressure force being applied on the downstream flow. In other words, the wall jet exerts a pressure on the downstream near-wall flow. Furthermore, this pressure is directly related to the speed of the wall jet. As the wall jet is continuously accelerated by each single-SDBD actuator, the wall jet has the greatest momentum at the end. At the same time, the maximum pressure is transmitted from the wall jet to the body surface during the interaction of the wall jet with the body surface, resulting in the negative and minimal η p,mean . This is why the absolute value of the mean wind pressure coefficient is reduced dramatically at the end of the wall jet. It is also seen from these analyses that multi-SDBD plasma actuators are selective for the position of roof areas with a significant reduction of mean wind load, and this roof area is limited. Cases B and C have the ability to increase the absolute value of the C p,mean on another partial area of the roof. For example, the positive and maximal η p,mean (approach to 1.5%) in Figure 12e is located near the middle of the roof, and the positive and bigger η p,mean (about 5% and 0.3%, respectively) in Figure 12g is close to the leading edge and in the middle of the trailing edge. From further analyses, it is suggested that the roof region with the positive and maximal η p,mean is placed at the beginning of the wall jet. The reason for this change is that the active actuators exert a suction force on the near-wall flow at the beginning of the induced jet. For the η p,mean , the absolute value of its minimum value is much bigger than that of its maximum value for each case, leading to the fact that the pressure effect of multi-SDBD actuators is much stronger than the suction effect. In summary, the wall jet slightly increases the mean wind load at the beginning of the jet and dramatically reduces this wind load at the end of the jet.
The contours of the fluctuating pressure coefficient and its change rate on the whole roof from the simulation results are shown in Figure 13 . When the actuators are inactive, the C p,rms has an increasing trend along the flow direction, which is consistent with the experimental result of a similar cube observed by Ito et al. [29] when approaching flow is uniform (Re is 5 × 10 4 ). The reason for this trend is that the mean separated shear flow does not reattach to the roof. After the actuators are ignited, the C p,rms distributions change significantly and the values of the η p,rms on the whole roof are almost negative for all cases, indicating that the active actuators have an excellent control effect on the fluctuating pressure coefficient. It can be seen from Figure 13c that the minimum value of the η p,rms (below −20%) is near the middle of the roof. This may be owing to the fact that the counter-rotating vortex on the backward half of the roof is induced by the near-wall jet with the direction from the trailing edge to the leading edge [19] . Figure 13g shows that the minimal η p,rms (less than −14%) is close to the roof middle. This may be because after active actuators induce a directional near-wall jet, many counter-rotating vortices appear on the forward half of the roof and near the trailing edge [19] . These counter-rotating vortices succeed in suppressing the size of the shedding vortices, meaning that large-scale vortex shedding may become small-scale vortex shedding. This is why the wall jet reduces the fluctuating wind load on the roof. Figure 14 demonstrates the contours of the mean x-velocity component for all cases. With the discharge off, the near-wall flow velocity is between −1 and 1 m/s. It is known that the flow on the front half of the roof surface moves toward the leading edge, while the flow on the rear half moves to the trailing edge. After the actuators are ignited, the near-wall flow direction for each case is changed to coincide with the velocity direction of the induced jet when there is no incoming flow. This indicates that the near-wall jet is successfully induced by each case with the incoming flow. Moreover, the flow velocity at the back of the near-wall jet is obviously increased by each case compared with the no actuation situation, showing that in the recirculation region the effect of the active actuators on the near-wall flow is stronger than that of the incoming flow. Such changes are due to the fact that the near-wall flow is subjected to a time-mean body force under the action of a high-frequency disturbance from the actuators. It can also be noted that in absence and presence of the plasma actuation the flow separation point is always located at the leading edge, there is no change in the position of the separation shear layer, and the shear layer never reattaches to the roof. This indicates that the active actuators have no effect on the flow separation point. The reason for these phenomena may be that the actuators are placed behind the flow separation point so that the flow separation is completely caused by the architectural shape (i.e., the leading-edge, sharp corner of the roof). The RMS value of the velocity may be regarded as the fluctuating velocity. In the recirculation zone, it is primarily produced by the shedding vortices as a consequence of the flow separation at the front edge of a low-rise building. The region of the maximum fluctuating velocity is located in the near wake behind the building model, as shown in Figure 15 . Obviously, the fluctuating velocity area of over 2.7 m/s for each case is lower than that of the no actuation situation. This shows that the active actuators can manipulate the vortex shedding process in the wake. It is remarkable that the area of the fluctuating velocity greater than 3.1 m/s disappears completely in case A. This decline means that case A with the actuation is the most capable of mitigating the strength and size of the wake vortices. To fully demonstrate the mechanism of plasma flow control, the no actuation situation and case A are selected for further comparison and analysis. For the flow control of the building structure, the spanwise vortex structure can be identified by the spanwise vorticity (i.e., the y-vorticity component), and the streamwise vortex structure can be identified by the streamwise vorticity (i.e., the x-vorticity component) [30] . Figure 16 shows the temporal evolution of the instantaneous y-vorticity component for case A and the no actuation situation. It can be observed that under the action of the wall jet, many small-scale spanwise vortices continue to appear on the roof. Figure 17 shows the temporal evolution of the instantaneous x-vorticity component for case A and the no actuation situation. When there is no actuation, almost all pairs of streamwise shedding vortices exist in the recirculation zone. It can also be noted at the same time that the strength and size of these streamwise vortices are significantly reduced after the actuators are ignited. These results indicate that the active actuators can result in the formation of small-scale spanwise vortices so as to restrain the strength and size of streamwise shedding vortices in the recirculation zone. The skin friction coefficient C f (= τ w /0.5ρV h 2 ) can be calculated by the wall shear stress τ w [31] . Figure 18 illustrates the contours of mean skin friction coefficients on the building surfaces for all cases. The mean C f distribution of each case on the windward and lateral walls is almost the same as that of the no actuation situation, indicating that the active actuators have no influence on the skin friction coefficient of the wall. Compared with the no actuation situation, the mean C f of all cases on the roof surface is increased obviously. Each local roof area with the increase of mean C f is located just below the plasma active region. These results indicate that the active actuators can increase the velocity gradient on the roof surface. 
Conclusions
In this study, large-eddy simulations have been conducted to understand the plasma flow control effect on local wind pressures and to reveal the control mechanism of multi-SDBD plasma actuators. Three configurations of multi-SDBD plasma actuators are proposed and tested by the simulations, which can induce three directions of near-wall jets on the whole roof. Numerical results indicate that depending on wall jets, these configurations successfully change the flow structure around the roof and effectively reduce mean and fluctuating wind pressures on the local roof. Moreover, the skin friction coefficient on the roof surface can be increased by the configurations. As the wind speed increases, the control effect of the plasma actuators on the wind pressure continues to decrease. The following conclusions can be summarized.
(1) The mean drag coefficient is not significantly affected by these configurations, because the actuators are only placed on the roof. In all configurations, the configuration with the near-wall jet direction from the trailing edge to the leading edge (i.e., case A) has a noticeable reduction of mean lift coefficient. The fluctuating lift and fluctuating drag coefficients can be significantly reduced by these configurations owing to the decline of the strength and size of the shedding vortices. (2) The roof area location with the reduced mean pressure coefficient is determined by the near-wall jet direction. Each single-SDBD plasma actuator can absorb the near-wall flow upstream of the actuator, and meanwhile can blow the flow downstream, resulting in the fact that the wall jet exerts a pressure on the downstream near-wall flow. Under the action of multi-SDBD plasma actuators, the wall jet is continuously accelerated to obtain the greatest momentum at the end and to exert the maximum pressure on the local roof area, leading to the apparent reduction of the mean pressure coefficient absolute value. This is also the reason why the limited roof regions with the reduced absolute value are located precisely at the end of the wall jet. Results show that under the effect of the wall jet blowing from the trailing edge to the leading edge (i.e., case A), the maximum reduction ratio of the mean pressure coefficient absolute value can reach 20% near the leading edge. Also, the pressure effect of multi-SDBD plasma actuators is far greater than their suction effect. (3) The influence of the wall jet on the shedding vortices is the key to understanding the reduction of the fluctuating pressure coefficient. In the recirculation region, the effect of the active actuators on the near-wall flow is much stronger than that of the incoming flow. Under the action of the wall jet, the small-scale spanwise vortices appear on the roof. These vortices suppress the intensity and size of streamwise shedding vortices produced by the flow separation at the leading edge, resulting in a reduction of the fluctuating pressure coefficient on most roof areas. Results show that after the actuators are ignited, the fluctuating pressure coefficient can be reduced by 20% at most from the no actuation situation.
The results of the investigations above show that multi-SDBD plasma actuators can provide an improvement in the wind-resistance performance for the roof of a low-rise building. Although simulations and related experiments in the present research are about a small-scale building model with a dimension of 100 to 200 mm, these results can supply a theoretical basis for more engineering applications. In future applications, plasma actuators may be placed vertically on the lateral sides of a high building to control the vortex shedding in the crosswind direction and reduce the aerodynamic drag. The annular plasma synthetic jet actuators with the outward jet direction may be used to address the edge effect on the building roof. The nanosecond pulsed plasma actuators can release large amounts of heat and generate shock waves, so they may be used to remove water droplets from the building surface in a high humidity environment. However, the actuators have the main disadvantage of a short lifetime as a result of the plasma etching of the dielectric material during the discharge process. The dielectric material should be further investigated to inhibit the dielectric surface oxidation and enhance the actuator performance.
